Cytochalasins are a group of fungal secondary metabolites with diverse structures and bioactivities, including cytochalasin E produced by Aspergillus clavatus, which is a potent antiangiogenic agent. Here, we report the identification and characterization of the cytochalasin gene cluster from A. clavatus NRRL 1. As a producer of cytochalasin E and K, the genome of A. clavatus was analyzed and the ~30 kb ccs gene cluster was identified based on the presence of a polyketide synthase-nonribosomal peptide synthetases (PKS-NRPS) and a putative BaeyerVilliger monooxygenase (BVMO). Deletion of the central PKS-NRPS gene, ccsA, abolished the production of cytochalasin E and K, confirming the association between the natural products and the gene cluster. Based on bioinformatic analysis, a putative biosynthetic pathway is proposed. Furthermore, overexpression of the pathway specific regulator ccsR elevated the titer of cytochalasin E from 25 mg/L to 175 mg/L. Our results not only shed light on the biosynthesis of cytochalasins, but also provided genetic tools for increasing and engineering the production.
Introduction
Cytochalasins are a group of polyketide-amino acid hybrid compounds belong to the cytochalasan family of fungal secondary metabolites, which have significant commercial and research values due to their diverse arrays of biological activities and complex molecular structures (Figure 1 ) (Scherlach et al., 2010) . The cytochalasans are characterized structurally by their tricyclic core, which consists of a macrocyclic ring fused to an isoindolone moiety derived from a higly-reduced polyketide backbone and an amino acid (phenylalanine for cytochalasins) (Binder and Tamm, 1973; Scherlach et al., 2010) . To date, over 80 different cytochalasans have been isolated from a number of the fungal genera, including Aspergillus, Phomopsis, Penicillium, Zygosporium, Chaetomium, Rosellinia, Metarrhizium, etc (Cole et al., 2003) . Many cytochalasins, such as the earliest isolated cytochalasin A and B (Aldridge et al., 1967b) , are capable of inhibiting the polymerization of actin and are thus widely used as tools in studying the division and motility of mammalian cells (Cooper, 1987) . Besides the well-known actin binding characteristics, cytochalasins are also recognized for their other biological activities. For example, cytochalasin A and B were reported to repress glucose transport in human erythrocytes membrane (Rampal et al., 1980) ; cytochalasin D was shown to be a reversible inhibitor of protein synthesis in HeLa cells (Ornelles et al., 1986) and derivatives of cytochalasin H can regulate plant growth (Cox et al., 1983) . Cytochalasin E, the molecule of interest in this study, was shown to display strong anti-angiogenic activities (Figure 1 ) (Udagawa et al., 2000) . The remarkable structural complexity of cytochalasin E and the potent biological activities make this molecule an interesting target for biosynthetic study.
Previous isotope labeling studies have revealed the mixed malonate and amino acid origin of cytochalasans (Binder et al., 1970; Probst and Tamm, 1981; Vederas and Tamm, 1976) , as well as the source of oxygen atoms in these molecules (Oikawa et al., 1992; Vederas et al., 1980) . By contrast, the genetic and molecular basis for cytochalasan biosynthesis have only been revealed recently in the context of the (indol-3-yl)methyl-bearing cytochalasan, chaetoglobosin A, from Penicillium expansum (Figure 1 ) . Using RNA-silencing, the biosynthesis of chaetoglobosin A was shown to involve the cheA gene that encodes for a hybrid iterative type I polyketide synthase-nonribosomal peptide synthetase (PKS-NRPS), and a biosynthetic pathway that could be generalized to other cytochalasans was proposed based on the che gene cluster.
To date, the che gene cluster responsible for chaetoglobosin A biosynthesis remained the only example of a gene cluster that encodes for cytochalasan production . CheA is among the several fungal PKS-NRPS pathways that have been identified and characterized during the last few years, as exemplified by equisetin (Sims et al., 2005) , aspyridone A (Bergmann et al., 2007; Xu et al., 2010) , pseurotin A (Maiya et al., 2007) , cyclopiazonic acid (Liu and Walsh, 2009; Tokuoka et al., 2008) , tenellin (Halo et al., 2008) and etc. The PKS module of the PKS-NRPS responsible for the synthesis of a polyketide chain typically consists of several catalytic domains including ketosynthase (KS), malonyl-CoA:ACP transacylase (MAT), dehydratase (DH), methyltransferase (MT), enoylreductase (ER), ketoreductase (KR), and acyl-carrier protein (ACP), arranged in an assembly-line fashion from the N-to C-terminus. A downstream NRPS module, with the canonical set of condensation (C), adenylation (A) and thiolation (T) domains, amidates the carboxyl end of the polyketide with a specific amino acid. Typically, a reductase-like (R) domain is typically found at the C-terminus and can release the PKS-NRPS products via either a Dieckmann cyliczation reaction (Liu and Walsh, 2009; Sims and Schmidt, 2008) or as an aldehyde in a NADPH dependent fashion (Qiao et al., 2011) .
Both chaetoglobosin A and cytochalasin E contain a substituted perhydroisoindolone scaffold fused with a macrocyclic ring that is the hallmark of cytochalasans, which is proposed to be derived from an intramolecular Diels-Alder reaction of the PKS-NRPS product following its release and formation of the pyrrolinone dienophile . Unlike chaetoglobosin A however, cytochalasin E is derived from a shorter polyketide chain (octaketide instead of nonaketide), a different amino acid building block (phenylalanine instead of tryptophan), and contains a unique vinyl carbonate moeity, which all warrants further biosynthetic investigation at the molecular genetics levels.
In this work, we report the discovery of the ccs gene cluster involved in the biosynthesis of cytochalasin E and K from A. clavatus NRRL 1 by genome mining. Involvement of the PKS-NRPS (CcsA) was confirmed by gene disruption. Bioinformatic analysis of the genes encoded in the ccs gene cluster revealed insights into the biosynthesis of the unique features present in cytochalasin E and K. With the genetic blueprint in hand, we were able to significantly increase the titer of the cytochalasin products through overexpression of the pathway-specific regulator CcsR.
Materials and Methods

Strains and culture condition
The A. clavatus NRRL1 obtained from the Agriculture Research Service (NRRL) Culture Collection was used as the parental strain in this study. The wild type and mutant strains were maintained on Potato Dextrose Agar (PDA). For sporulation, wild type A. clavatus was grown on malt extract peptone agar (MEPA) (30 g/L malt extract, 3 g/L papaic digest of soybean meal and 15 g/L agar) for 3 days at 25 °C. Escherichia coli strain XL1-Blue (Stratagene) and E. coli TOPO10 (Invitrogen) were used for cloning.
Analyses of genome sequence of A. clavatus NRRL1
The genome sequence of A. clavatus NRRL1 was obtained from NCBI database (Fedorova et al., 2008) . Gene predictions were performed via FGENESH program (www.softberry.com) and manually checked based on homologous gene/protein sequences in the GenBank database. Protein domain functions were deduced using Conserved Domain Search (NCBI).
DNA manipulation and construction of plasmids
High molecular weight genomic DNA of A. clavatus NRRL1 was prepared according to the protocol described previously (Chooi et al., 2008) . DNA restriction enzymes were used as recommended by the manufacturer (New England Biolabs). PCR was performed using Platinum Pfx DNA polymerase (Invitrogen). Sequences of PCR products were confirmed by DNA sequencing (Laragen, CA). The plasmids pBARKS1 and pBARGPE1 (Pall and Brunelli, 1993) were obtained from the Fungal Genetics Stock Center (FGSC). The genespecific primers in this work are listed in Table S1 . The selection marker bar gene with trpC promoter was amplified from the plasmid pBARKS1. Construction of the knock-out cassette for ccsA gene was achieved using the fusion PCR method described previously (Szewczyk et al., 2006) , and cloned into pCRblunt (Invitrogen) vector (Table S2) . PCR was used to produce up to 10 μg DNA for fungal transformation. For regulator overexpression, the ccsR gene was amplified using PCR and digested with EcoRI/XhoI. The vector was prepared by digesting pBARGPE1 with the same set of restriction enzymes. The digested ccsR gene product was ligated into vector pBARGPE1 to give pKJ150 (Table S2 ). The other overexpression plasmid for the regulator ACLA_078740 (pKJ151) was cloned using the same strategy as pKJ150.
DNA transformation of A. clavatus
Preparation and transformation of A. clavatus protoplasts were performed as described previously (Chooi et al., 2010) . Transformants were selected on glucose minimal medium agar supplemented with glufosinate (8 mg/mL) and sorbitol (1.2 M) as osmotic stabilizer. Miniprep genomic DNA from A. clavatus transformants was used as templates for PCR screening of gene deletants and was prepared as described for Aspergillus nidulans (Chooi et al., 2008) .
Southern blot hybridization
High molecular weight genomic DNA (10 μg) was digested with restriction enzyme PvuII, separated onto 0.8% agarose gel and blotted onto the positively charged nylon membranes (Roche Applied Science). For Southern blot analysis, the DIG-High Prime DNA Labeling and Detection Starter Kit II (Roche Applied Science) was used. Hybridizations were carried out following the manufacturer's protocol, except using 0.4% NaOH as transferring buffer instead of 20 × SSC buffer.
Chemical analysis and characterization of compounds from A. clavatus
For small scale analysis, wild type A. clavatus and transformants were grown in stationary liquid surface culture as a surface mat on 100 × 15 mm Petri dishes with 5 mL malt extract peptone (MEP) medium for 4 days at 25°C. The cultures were extracted with equal volumes of ethyl acetate (EtOAc) and evaporated to dryness. The dried extract was dissolved in methanol and analyzed by liquid chromatography mass spectrometry (LC-MS). LC-MS was conducted with a Shimadzu 2010 EV liquid chromatography mass spectrometer by using both positive and negative electrospray ionization, and a Phenomenex Luna 5 μm 2.0 × 100 mm C18 reverse-phase column. Samples were separated on a linear gradient of 5 to 95% CH 3 CN (v/v) in H 2 O supplemented with 0.05% (v/v) formic acid at a flow rate of 0.1 mL/ min. The identity of cytochalasin E was confirmed by comparing the UV spectra, retention time and m/z value to the authentic standard (Sigma-Aldrich). To purify cytochalasin K for structural analysis, wild type A. clavatus was grown in stationary liquid surface culture condition in two liters MEP liquid medium divided into 20 large 150 × 15 mm Petri dishes for 7 days at 25 °C. The resulting mycelial mats along with the culture medium were pooled together and extracted three times with equal volumes of EtOAc. The organic extracts were combined and evaporated to dryness, redissolved in methanol, and purified by reverse-phase HPLC (XTerra Prep MS C18 5 μm, 19 mm × 50 mm) on a linear gradient of 50% to 95% CH 3 CN (v/v) over 20 min and 95% CH 3 CN (v/v) further for 15 min in H 2 O at a flow rate of 2.5 mL/min. The eluent was extracted with EtOAc, and dried in vacuo to give cytochalasin K as a pure solid (approximate yield of 18 mg/L). Nuclear magnetic resonance (NMR) spectra were obtained on a Bruker 500 MHz spectrometer using pyridine-d5 as solvent. For comparison of the cytochalasin E production between wild type and ccsR-overexpressing strains, the same stationary liquid surface culture condition as above was employed; while the submerged shaking flask liquid cultures were performed in two liter flasks containing 500 mL MEP medium (250 rpm, 25 °C).
Results and Discussion
Identification of a cytochalasin biosynthetic gene cluster from genome-wide analysis of PKS-NRPS genes from A. clavatus NRRL 1
Both cytochalasin E and K have been reportedly isolated from the A. clavatus species (Buchi et al., 1973; Steyn et al., 1982) . The production of cytochalasin E in the specific A. clavatus NRRL 1 (CBS 513.65) strain of which the genome has been sequenced (Fedorova et al., 2008) , has also been detected in a chemotaxanomic study (Varga et al., 2007) . To confirm the production of cytochalasins in A. clavatus NRRL 1, the strain was grown in stationary liquid surface culture in MEP medium for 4 days. LC-MS analysis of the ethyl acetate extract of the culture revealed two primary cytochalasin compounds with identical molecular weight (m/z 518 [M + Na] + ) and UV absorption (λ max =235 nm) (Figure 4 ). The compound that eluted at retention time (RT) of 27 min matched with the authentic standard of cytochalasin E. To confirm the identity of the metabolite with RT = 25 min, the compound was purified from a large scale stationary liquid surface culture of A. clavatus NRRL1 with an approximate yield of 17 mg/L. The 1 H NMR spectrum is consistent with that previously reported for cytochalasin K (Liu et al., 2006; Steyn et al., 1982) (Table S5 and Figure S1 ).
Cytochalasin K is an isomer of cytochalasin E in which the 6,7-epoxide is isomerized to a C7 hydroxyl and a C5-C6 double bond, therefore both compounds are expected to be originated from the same gene cluster.
Given that the polyketide-amino acid backbone of cytochalasin E is likely biosynthesized by a PKS-NRPS, we searched the sequenced genome of A. clavatus NRRL 1 for genes encoding PKS-NRPS with the BLASTP program. Using the chaetoglobosin PKS-NRPS CheA as a query sequence , the A. clavatus NRRL 1 genome was found to encode four putative PKS-NRPS genes (ACLA_004770, ACLA_077660, ACLA_023380 and ACLA_078660), none of which have been characterized previously ( Figure 2 and Table S4 ). Among these four hits, ACLA_004770 is orthologous to pseurotin A synthetase from Aspergillus fumigatus (92% similarity, 86% identity) (Maiya et al., 2007) , while ACLA_023380 is most closely related to equisetin synthetase from Fusarium heterosporum (64% similarity, 50% identity) (Sims et al., 2005) . Due to the significant structural differences of pseurotin A and equisetin to cytochalasin E and K, these two PKS-NRPS loci were considered unlikely to be the desired candidates. Since fungal secondary biosynthetic genes are often clustered together (Keller et al., 2005) , adjacent genes of the remaining two PKS-NRPS candidates were scrutinized for additional clues ( Figure 2 ).
The vinyl carbonate moiety present in cytochalasins E and K is a unique structural feature not found in other cytochalasans and is rare among known natural products. In a previous feeding study, the successful incorporation of the 13-membered carbocyclic deoxaphomin to yield the 14-membered macrolactone-containing cytochalasin B implied the involvement of an enzymatic Baeyer-Villiger-type oxygen insertion between the C9 bridging carbon and C23 carbonyl (Robert and Tamm, 1975) . Accordingly, the 13-membered macrocyclic carbonate in cytochalasin E was proposed to be originated from a corresponding 11-membered carbocyclic cytochalasan, whereby the unusual insertion of two oxygen atoms may occur via two consecutive Baeyer-Villiger oxidations (Robert and Tamm, 1975) . In nature, such Baeyer-Villiger oxidations of ketones are known to be mediated by flavincontaining proteins collectively known as Baeyer-Villiger monooxygenases (BVMOs), which can be classified into type I, type II and type "O" with the type I BVMOs being the most commonly found (Leisch et al., 2011) . Preliminary analysis of the locus containing the PKS-NRPS gene (ACLA_078660) revealed a gene (ACLA_078650) directly downstream that encodes for a putative flavoprotein (Figure 2A ), which exhibits homology to the wellcharacterized type I BVMOs cyclohexanone monooxygenase (CHMO) from Acinetobacter sp. and cyclopentanone monoxygenase (CPMO) from Comamonas sp. (23 % identity and 24 % identity respectively) (Iwaki et al., 2002; Mirza et al., 2009) . Like all type I BVMOs, the flavoprotein encoded by ACLA_078650 contains the conserved FxGxxxHxxxWP fingerprint motif, which serves as a linker that connects the FAD-binding domain to the NADP-binding domain and is important for the catalysis (Fraaije et al., 2002; Malito et al., 2004) . The presence of BVMO afforded a strong indication that this gene cluster may encode the targeted cytochalasin E pathway. Furthermore, two cytochrome P450 oxygenases are encoded by genes in close proximity to ACLA_078660, which are consistent with the required enzymatic installation of the C6-C7 epoxide, the C17 keto and the C18 hydroxyl of cytochalasin E (Figure 2A ). In contrast, the remaining PKS-NRPS (ACLA_077660) locus lacks a BVMO candidate in the vicinity, but encodes for an O-methyltransferase that is not required in the biosynthesis of cytochalasins E and K ( Figure 2C ). Therefore, our genomewide survey of PKS-NRPS concluded that ACLA_078660 (renamed to ccsA) and the enzymes encoded in the corresponding gene cluster (designated as ccs cluster) are most likely to be involved in the biosynthesis of cytochalasins E and K.
Targeted gene disruption of the ccsA gene in A. clavatus NRRL 1
To verify the proposed association between the putative ccs gene cluster and cytochalasin E biosynthesis, a protoplast-based transformation system for A. clavatus and a gene inactivation strategy were developed with the fungal selection marker bar, which confers host resistance towards the selection marker glufosinate ( Figure 3A ) (Chooi et al., 2010) . Successful incorporation of the ccsA deletion cassette by double-crossover recombination expects the replacement of an internal 1 kb region of the KS domain of ccsA gene with the bar resistant marker (Figure 3) . Out of 51 glufosinate-resistant transformants, three positive transformants were found to have completely lost the production of cytochalasins E and K by LC-MS screening. The remaining 48 cytochalasin-producing transformants were most likely resulted from the ectopic integration of bar gene cassette in the A. clavatus genome. Further examination by diagnostic PCR showed that only one (ΔccsA-3) out of the three non-producing mutants yielded PCR products with the band sizes expected for a correct double-crossover recombination ( Figure 3B ). Disruption of cytochalasins production in ΔccsA-1 and ΔccsA-2 may have been a result of single crossover insertion of the deletion cassette as indicated by the diagnostic PCR results ( Figure 3B ). The disruption of ccsA by double homologous recombination in ΔccsA-3 was further confirmed by southern-blot hybridization of the genomic DNA digested with PvuII with a DIG-labeled probe. As a PvuII site is present in the bar resistant cassette, a 2.9 kb band, instead of the 3.6 kb in wild type, is expected to be detected from the integration of the ccsA deletion cassette into the correct site ( Figure 3C ). The loss of cytochalasin E and K production upon disruption of ccsA confirmed its essential role in cytochalasin biosynthesis in A. clavatus NRRL 1.
Overexpression of pathway-specific regulator encoded gene ACLA_078740 and ACLA_078640
Two genes (ACLA_078740 and ACLA_078640) encoding for putative fungal transcriptional factors with Zn(II) 2 Cys 6 motif were found in the ccs gene cluster in the vicinity of the PKS-NRPS gene ccsA. The Zn(II) 2 Cys 6 binuclear cluster proteins have so far been identified solely in fungi and were demonstrated to play crucial roles in transcriptional regulation (MacPherson et al., 2006) . Zn(II) 2 Cys 6 -type fungal transcriptional regulator genes located inside secondary metabolite gene clusters of filamentous fungi has been shown to regulate the secondary metabolic genes in a pathway-specific manner (Ehrlich et al., 1999; Shimizu et al., 2007) and have been used as tools for genome mining (Bergmann et al., 2007; Chiang et al., 2009 ).
To functionally examine the two putative fungal transcription factors adjacent to the PKS-NRPS gene ccsA, we cloned both of them into pBARGPE1 vector under the control of A. nidulans gpdA (glyceraldehyde phosphate dehydrogenase gene) promoter. The resultant plasmids, pKJ150 and pKJ151 (containing ACLA_78640 and ACLA78740 respectively; Table S2 ) were randomly integrated into the genome of A. clavatus NRRL 1. The transformants selected for glufosinate resistance were analyzed by PCR using primer pair gpdA-f/ACLA_078640-r and gpdA-f/ACLA_078740-r, respectively. All transformants with the correct integration of intact overexpression cassettes were grown in stationary liquid surface culture with MEP medium. LC-MS analyses of the culture extracts showed that overexpression of ACLA_078740 did not affect the growth of A. clavatus nor influence the production of cytochalasins, suggesting that ACLA_078740 is not involved in the regulation of cytochalasin biosynthesis. On the other hand, significantly elevated production of both cytochalasin E and K were detected in all four transformants (T2, T6, T10 and T12) carrying the intact ACLA_078640-overexpression cassette, with no significant effect observed on the cell growth. This established that ACLA_078640 (ccsR) is the ccs pathway-specific transcriptional regulator and further confirmed that cytochalasin E and K are the products of the ccs gene cluster.
The titers of cytochalasin E in the four transformants were elevated at least by 3 fold, with T2 as the highest producer of cytochalasin E. The titer of cytochalasin E in a 8-day stationary liquid surface culture of T2 was estimated to be 250 mg/L based on ion current integration of m/z 518 [M + Na] + in LCMS analysis using cytochalasin E standard curve, and a total of 175 mg/L of cytochalasin E was successfully purified. Therefore, the production of cytochalasin E in ccsR-overexpressing strain T2 had increased by approximately seven fold compared to the titer of wild type A. clavatus NRRL 1 strain (25 mg/L was isolated under the same culture condition and starting inoculation amount). The variation in the production levels of cytochalasin E are likely due to the different copy number of ccsR overexpression cassette present in the individual transformants. We observed during our culture condition testing experiments that cytochalasin E and K were only produced under stationary liquid surface culture condition by wild type A. clavatus NRRL 1, but not in submerged shaking flask condition. This is consistent with previous cytochalasin fermentation optimization experiments that utilized solid substrates without submerging the cells in liquid medium, in which a series of grains were used to culture the fungus in agitated flasks for 2 weeks with barley affording the highest yield (35 mg/kg barley) (Demain et al., 1976) . We observed that overexpression of ccsR in A. clavatus T2 strain elevated the titer of cytochalasin E in a 6-day submerged shaking flask culture from undetectable levels in wild type to ~35 mg/L (estimated by MS ion current integration). Although the titer of cytochalasin E for T2 in submerged shaking flask culture is significantly lower than in stationary surface liquid culture, the successful production of cytochalasins in submerged culture condition presents significant advantages for fermentation scale-up in industrial stirred bioreactors.
Regulatory genes often clustered together with the biosynthetic genes in microorganisms. However, not all gene clusters contain a pathway-specific regulator, whereas some gene clusters may contain more than one pathway-specific regulator. The pathway-specific regulator can either play a positive (activator) or a negative (repressor) role in regulating the expression of biosynthetic genes within the cluster. Overexpression of pathway-specific activators is considered a useful metabolic engineering strategy to improve the titer of secondary metabolites. In bacterial systems, this strategy was extensively exploited: overexpression of the Streptomyces antibiotic regulatory protein (SARP) family has been commonly used to improve the production of pharmaceutically important secondary metabolites in actinomycetes (Olano et al., 2008) . In fungi, the Zn(II) 2 Cys 6 finger domaincontaining proteins are the most common transcriptional activators; it has been demonstrated that overexpression of the corresponding activators AflR and CtnR led to upregulated transcription of the pathway genes and increased production of aflatoxin and citrinin respectively (Flaherty and Payne, 1997; Shimizu et al., 2007) . More recently, a novel regulator CefR, which contains the similar "fungal_trans" conserved domain in CtnR but lack the Zn(II) 2 Cys 6 finger domain, was identified in the cephalosporin biosynthetic gene cluster (Teijeira et al., 2011) . Overexpression of CefR elevated the cephalosporin C production in the industrial Acremonium chrysogenum strain. Therefore, this approach should prove useful for improving production of pharmaceutically important fungal natural products, provided that such a pathway-specific activator exists in the corresponding biosynthetic gene cluster. In the absence of pathway-specific activator, overexpression of bottleneck enzymes in the pathway or increasing precursor and cofactor supply by engineering of primary metabolic pathways are two alternative strategies that may be considered for increasing fungal secondary metabolite production (Thykaer and Nielsen, 2003; Wattanachaisaereekul et al., 2008) .
Proposed biosynthetic pathway for cytochalasin E/K biosynthesis
In the ccs gene cluster, a total of eight putative genes were predicted to be involved in biosynthesis of cytochalasin E and K (Table 1) . At the two boundaries of the ccs gene cluster is a gene encoding for P450 monooxygenase (ccsG) and a gene encoding for the pathway-specific regulator (ccsR) (Figure 2 ). Immediately upstream of ccsG is a thioredoxin-encoding gene (ACLA_078720) and a mannitol dehydrogenease gene (ACLA_078730), which are both highly conserved in the genomes of other Aspergillus spp. (Table 1) . Downstream of ccsR, are ACLA_078630, ACLA_078620 and ACLA_078610, which respectively encode for a hypothetical protein with no significant similarity to any protein sequence in the GenBank database (maybe a misannotation), a glucan 1,4-β-glucosidase (>67% identity to the homologs in A. fumigatus and N. fischeri), and a sensor histidine kinase (60-77% identity to homologs in Aspergillus spp.). As genes further upstream of ccsG and downstream of ccsR are mostly close orthologs shared among Aspergillus spp. and do not appear to involve in secondary metabolic biosynthesis, we reason that these genes are unlikely to participate in cytochalasin biosynthesis and may involve in primary metabolism or housekeeping roles.
Based on the previous isotope labeling studies and deduced gene functions of ccs gene cluster, the biosynthetic pathway for cytochalasin E and K can be proposed ( Figure 5 ) (Probst and Tamm, 1981; Scherlach et al., 2010) . The domain organization of the PKS-NRPS encoded by ccsA is similar to that of other reported PKS-NRPSs genes, including CheA in P. expansum (35% identity to CcsA), TenS in Beauveria bassiana (33 % identity to CcsA) and ApdA in A. nidulans (36 % identity to CcsA) (Bergmann et al., 2007; Halo et al., 2008; Schumann and Hertweck, 2007) . Due to the lack of the key NADPH binding motif (LXHXG(A)XGGVG), the ER domain of CcsA is proposed to be inactive. Correspondingly, a dissociated ER (encoded by gene ccsC) downstream of ccsA is proposed to function in trans with the PKS module of CcsA to synthesize a reduced β-keto octaketide backbone, analogous to the roles played by TenC and ApdC during the biosynthesis of tenillin and aspyridone respectively (Halo et al., 2008; Xu et al., 2010) . Subsequently, one molecule of phenylalanine is selectively activated by the A domain of the NRPS module and transferred to the phosphopantetheinyl (pPant) arm of T domain. C domain then catalyzes the condensation between the nucleophilic amino group of phenylalanine and the electrophilic carbonyl of the upstream nascent octaketide chain to yield the T domain-tethered amide intermediate ( Figure 5 ).
The R domain at the end of the NRPS module is proposed to catalyze the reductive release of the nascent aminoacyl-thioester to give an aminoaldehyde intermediate, which can readily undergo an intramolecular Knoevenagel condensation to yield the 3,5-disubstituted 3-pyrrolin-2-one ( Figure 5 ). The terminal R domains of some PKS-NRPSs was demonstrate to offload the polyketide-amino acid intermediates via a Dieckmann condensation to afford a tetramic acid moiety (Liu and Walsh, 2009; Sims and Schmidt, 2008) . Under this scenario, the released tetramic acid intermediate from CcsA would have to undergo further keto reduction and dehydration to form the proposed 3-pyrrolin-2-one dienophile. The lack of the required reductase encoded in ccs gene cluster is inconsistent with this possibility, while the reductive release catalyzed by CcsA R domain is supported by the protein sequence analysis. The CcsA R domain harbors an intact conserved NADPH binding motif GXSXXG and the catalytic triad Ser-Tyr-Lys shared among the short chain dehydrogenase/reductase SDR superfamily proteins, whereas the characterized Dieckmann R* domains contain a leucine or phenylalanine in place of the tyrosine in the catalytic triad (Liu and Walsh, 2009 ).
The intramolecular [4+2] Diels-Alder endo cycloaddition of the pentaene intermediate was proposed to occur between the terminal diene of the polyketide chain and the 3-pyrrolin-2-one dienophile to afford the 11-membered carbocycle-fused perhydroisoindolone scaffold (Figure 5 ). This proposed enzymatic reaction step, which may involve a so-called "DielsAlderase", has been shown to be feasible as demonstrated by previous biomimetic synthesis of cytochalasins (Oikawa et al., 1992; Vedejs et al., 1982) , although the identity and enzymatic mechanism of such a "Diels-Alderase" remains enigmatic. In biosynthesis of lovastatin, the Diels-Alder reaction was proposed to occur at the hexaketide stage where the polyketide intermediate is still tethered to the ACP of the PKS LovB (Auclair et al., 2000) . In contrast, the Diels-Alder cycloaddition in cytochalasan biosynthesis is predicted to occur after the release of the hybrid polyketide-amino acid molecule from the PKS-NRPS. Therefore, a discrete post PKS-NRPS tailoring enzyme, such as in solonapyrone and spinosyn A biosyntheses (Kasahara et al., 2010; Kim et al., 2011) , may be required for the post PKS-NRPS Diels-Alder reaction in cytochalasin biosynthesis.
Upon formation of the 11-membered carbocycle-fused perhydroisoindolone intermediate, a number of oxidative steps are required to afford the final cytochalasin E and K, including two hydroxylations at C17 and C18, one alcohol oxidation at C17, one epoxidation at C6 and C7 and two Baeyer-Villiger oxidations. Based on the previous 13 C-labeled acetate feeding experiments of cytochalasin B pathway in Phoma exigua (Vederas et al., 1980) , the carbonyl (C-22) on the vinyl carbonate and the lactam carbonyl (C-1) of cytochalasin E and K are likely to be retained from the acetate units. Previous cytochrome P450 inhibitory experiment in chaetoglobosin-producing fungus Chaetomium subaffine showed that the oxygen atoms on the C20 carbonyl, C19 hydroxyl and the 6,7-epoxide are all added by cytochrome P450 enzymes (Oikawa et al., 1992) . Similarly, we propose that the oxidative modification at C17, C18 and the C6-C7 epoxidation are likely to be catalyzed by the two cytochrome P450 oxygenases (CcsD and CcsG) found in the ccs gene cluster. CcsD exhibits similarity to GliF from A. fumigatus (42 % protein identity) that possibly catalyzes the formation of an arene oxide in gliotoxin biosynthesis (Gardiner and Howlett, 2005) ; hence, CcsD may be responsible for the epoxidation of the C6-C7 double bond. The closest characterized homolog of CcsG is GA-P450-4 (39% identity) from Gibberella moniliformis, which is an ent-kaurene oxidase that catalyzes the multiple oxidations of ent-kaurene to entkaurenoic acid (Bomke et al., 2008) . This hints that CcsG may be responsible for the successive oxidative modifications at C17 and C18.
The double Baeyer-Villiger oxidations are among the final steps leading to cytochalasin E and K ( Figure 5 ). Multiple sequence alignment of the primary protein sequences of CcsB and previously characterized BVMOs indicated that CcsB contains the two intact conserved Rossmann fold motifs GxGxxG and GxGxxA, as well as the so-called BVMO signature motif FxGxxxHxxxW (Iwaki et al., 2006; Leisch et al., 2011) . Compared to the well-known BVMOs that function on smaller cyclic compounds, CcsB exhibits a significantly higher similarity toward the more recently characterized Pseudomonas sp. HI-70 cyclopentadecanone monooxygenase (CPDMO) CpdB (41% identity to CcsB) and Rhodococcus ruber SC1 cyclododecanone monooxygenase (CDMO) CddA (38% identity to CcsB), which are capable of lactonizing the C 15 and C 12 cyclic ketones respectively (Iwaki et al., 2006) . This coincides with the proposed role of CcsB being involved in the oxidations of the 11-membered carbocyclic intermediate ( Figure 5 ). Given that there are no additional gene that encodes for BVMO-like enzyme in the ccs gene cluster beside ccsB, CcsB may be responsible for the consecutive Baeyer-Villiger insertion of two oxygen atoms into the 11-membered carbocyclic intermediate to generate the unique vinyl carbonate moiety in cytochalasin E and K. A two-step oxidation is proposed: the first oxidation step is consistent with the mechanism in the biosynthesis of cytochalasin B (Robert and Tamm, 1975) , while the second Baeyer oxidation is likely occurred on an acrylate moiety ( Figure 5) . Examples of such oxygen insertion between a ketone and an α-β double bond are rare but was reportedly observed in a microbial steroid degradation study where the A-ring of cholest-4-en-3-one was cleaved presumably via an enzymatic Baeyer-Villiger oxidation (Turfitt, 1948) . If proven, CcsB may represent the first example of a BVMO that can catalyze such a double Baeyer-Villiger oxidation.
The epoxide-containing cytochalasin E is likely to be the compound that precedes cytochalasin K in the pathway. CcsE, which belongs to the large family of α/β hydrolase, may catalyze hydrolysis of epoxide bond to afford cytochalasin K. The similarity of CcsE to the Afu8g00540 (46% identity) in the pseurotin A pathway, in which the α/β hydrolase was proposed to hydrolyze the epoxide bond on the pyrrolidinone ring, supports the proposed function of CcsE. ccsF encodes for a protein that has no significant similarity to characterized proteins and no conserved domains are detected, thus its function has not been assigned. Interestingly, most CcsF homologs seems to be in the vicinity of PKS-NRPS genes in several sequenced fungal genomes, including Metarhizium anisopliae ARSEF 23, Magnaporthe oryzae 70-15, Phaeosphaeria nodorum SN15 and Chaetomium globosum CBS 148.51. Therefore, CcsF and its homologs may play a role in post-PKS-NRPS biosynthetic step (possibly Diels-Alder cyclization), resistance or transport of cytochalasins and related PKS-NRPS products.
ccs-like gene clusters in other fungal genomes
Closer examination of the structures of cytochalasin E and chaetoglobosin A suggests that the reduction, dehydration and methylation steps occur during the initial four polyketide iterations of both CcsA and CheA are identical. Therefore, it is surprising that CcsA shares the lowest head-to-tail protein similarity with CheA (39% identity between the PKS modules) among all the four PKS-NRPSs encoded in the A. clavatus NRRL 1 genome. In fact, CheA shares a slightly higher similarity (43% identity) to TenS and DmbS that produce pretenellin A and predesmethylbassianin A, both of which are structurally distinctive from cytochalasans. Furthermore, the tailoring enzymes in the che and ccs cluster do not appear to share close homology either (Table S6) . Therefore, it is reasonable to speculate that the pathway for (indol-3-yl)methyl-containing cytochalasans may have diverged significantly from the benzyl-containing cytochalasins, or alternatively the two pathways may have arisen convergently.
The discovery and identification of ccs gene cluster opened up the possibility to use the PKS-NRPS gene ccsA and its associated tailoring genes for genome mining of gene clusters of both known and novel cytochalasins. Cytochalasin C and D have been isolated from the entomopathogenic fungus M. anisopliae (Aldridge et al., 1967a; Aldridge and Turner, 1969) . Like cytochalasin E and K, both cytochalasin C and D are derived from octaketide chain and contain a benzyl group originated from phenylalanine but lack the vinyl carbonate moeity (Figure 1 ). Cytochalasin D in particular, has been used extensively to study cellular processes and is known to impair maintenance of long term potentiation (LTP) of actin filaments (Krucker et al., 2000) . Since the genome of M. anisopliae ARSEF 23 has been sequenced recently (Gao et al., 2011) , we examined the genome sequence for candidate cytochalasin gene cluster using CcsA as a query sequence in BLASTP search. A PKS-NRPS gene MAA_00428 was found to share the highest similarity to CcsA among all the PKS-NRPS genes in the GenBank database at the time of query. The corresponding homologs of the post PKS-NRPS tailoring genes (ccsCDEFG) in the ccs gene cluster can also be found in vicinity of MAA_00428 PKS-NRPS gene (Table S6) . As expected, the BVMO ccsB homolog is missing in the gene cluster, while a putative acetyltransferase is present. However, the MAA_00428 PKS-NRPS appear to be truncated after the C domain of the NRPS module. Therefore, it is likely that this proposed cytochalasin-producing gene cluster from M. anisopliae ARSEF 23 strain may not have the ability to produce cytochalasin C and D due to truncation of the A-T-C domain in a relatively recent mutation event. Although this speculation remains to be proven, it is possible that such a homologous gene cluster with the complete CcsA homolog maybe present in cytochalasin-producing M. anisopliae strains.
Besides M. anisopliae, ccs homologs (ccsACDEFG) are also found clustered in other fungal genomes, including the chaetoglobosin-producing Chaetomium globosum (CHGG_01239, 49% identity) (Table S6 ) and several plant pathogenic fungi, such as Magnaporthe grisea (syn2, 55% identity) and Phaeosphaeria nodurum (SNOG_00308, 50% identity), which may responsible for production of cytochalasin-related PKS-NRPS products.
Conclusion
In summary, we have identified the gene cluster for biosynthesis of cytochalasin E and K from the genome of A. clavatus NRRL 1. Disruption of ccsA provided the direct evidence that the PKS-NRPS gene ccsA is essential for the biosynthesis of cytochalasin E and K. Overexpression of the cytochalasin pathway-specific regulator ccsR led to a significantly increased cytochalasin production. The detail mechanistic steps of Diels-Alder reaction and the double Baeyer-Villiger oxidations of ketone to carbonate are currently under investigation. The identification of ccs gene cluster not only allows for continuous investigation of the molecular basis of the structural diversity generated by fungal PKSNRPSs, but also opens the door for genome mining of cytochalasin gene cluster and application of molecular engineering to generate novel cytochalasan derivatives.
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